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The pathogenic Pseudomonas aeruginosa is a Gram-negative bacterium coex-
pressing two unique forms of lipopolysaccharides on its surface, the A and B
bands. The A-band polysaccharides are thought to be translocated into the peri-
plasm through an ATP-binding-cassette (ABC) transporter consisting of two
subunits: a transmembranar protein, Wzm, and a nucleotide-binding protein,
Wzt. Since Wzm and Wzt proteins possess no domains or motifs that are tar-
geted for modifications by eukaryotic cellular machineries or exhibit any signal
for organelles localization, we used Chinese hamster ovary (CHO) cells as
a model system to study the protein complex structure and stoichiometry of
Wzt protein in the absence or the presence of Wzm. We transfected the CHO
cells with Wzt proteins fused to the green fluorescent protein (GFP2) or its var-
iant yellow fluorescent protein (YFP) to study the protein complex structure of
Wzt. A spectrally resolved two-photon microscope was used to obtain fluores-
cent images from transfected cells, and a novel spectral Fluorescence Reso-
nance Energy Transfer (FRET) provided apparent FRET efficiency (Eapp)
for each image pixel (Raicu et al., Nature Photonics, 2009). Distributions of
FRET efficiencies were obtained from several cells, and the peak positions
for the cells whose Eapp histograms showed single peak were binned to obtain
a ‘‘meta-histogram’’. The meta-histograms were fitted to simulated distribu-
tions obtained from various theoretical models (Raicu et. al., Nature Photonics,
2009), to determine the stoichiometry and geometry of Wzt oligomers. Wzt
formed rhombus-shaped homo-tertamers, which became square shaped upon
co-expression of untagged Wzm.
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ATP-binding cassette (ABC) transporters, a protein superfamily that ranges
from prokaryotes to eukaryotes, transport a wide variety of substrates across
membranes, including metabolic products, lipids, and drugs. They utilize the
energy of ATP hydrolysis for transport, and are involved in various human dis-
eases, such as cancer and cystic fibrosis. Much attention has been paid in recent
years to ABC-transporters as potential drug targets, and high-throughput drug-
screening systems for ABC-transporters are in great demand. We have suc-
ceeded in detecting ATP-dependent transport by the immobilized P-glycopro-
tein, an ABC transporter, in polydimethylsiloxane (PDMS) microfluidic
channels. We here present a first report of the on-chip accurate analyses of
the inhibition of P-glycoproteins with several drugs, digoxin, verapamil, cyclo-
sporine A and quinidine. The half-maximal inhibitory concentration (IC50)
values for the Rh123 transport, determined by the microchip were 1.82 5
0.36 mM (digoxin), 1.915 0.28 mM (verapamil), 0.455 0.01 mM (cyclospor-
ine A) and 0.665 0.04 mM (quinidine). Because our procedure detects the fluo-
rescence of immobilized ABC transporter-containing vesicles and their size
and intensity can be directly measured from the images, we could estimate
the substrate transport at the single-transporter level.
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Multi-drug resistance is a fascinating phenomenon from both the physiological
and biophysical perspectives. While a plethora of functional and structural
studies provide a general view of this mechanism, the underlying microscopic
details remain elusive. To advance our understanding of the key molecular in-
teractions giving rise to the function of the multi-drug transporters, we pursued
a comparative study of the P-glycoprotein (Pgp) and Sav1866 (Sav) trans-
porters using molecular dynamics simulations. Crystal structures of these pro-
teins reveal two alternative conformations: The Sav structure shows that
binding of ADP/ATP to the nucleotide binding domains (NBD) favors their in-
teractions and forces the opening of the transporter on the extracellular side.Unbinding of ADP leads the NBDs to dissociate and subsequently to the forma-
tion of a putative allocrit-binding cavity on the intra-cellular leaflet of the mem-
brane, as illustrated by the Pgp structure. Before addressing how allocrits are
selected and transported, it is important to characterize the key states of the
transporter and, if possible, the ATP-driven transitions between these states.
Simulations were thus performed under different conditions for both proteins:
apo, with one ADP/ATP bound and with two ADPs/ATPs bound. The possibil-
ity that lipids present in the cavity could impact on the dynamics and confor-
mation of the transporters was also investigated.
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The ability of drugs acting within the central nervous system (CNS) to cross the
blood-brain-barrier (BBB) is crucial to their effectiveness. The BBB lies at the
interface between the blood and brain and very effectively restricts the move-
ment of many therapeutically useful drugs from the blood into the brain. A ma-
jor factor contributing to CNS penetration of a drug is its permeability through
the BBB membranes. We have examined the dynamics and localisation of sev-
eral CNS-acting drugs in model lipid bilayers using both atomistic molecular
dynamics (MD) simulations and NMR techniques. The localisation and orien-
tation of these drugs were shown to be dependent on both protonation state and
lipid composition of the bilayer.
Permeation across the BBB is also complicated by the presence of efflux trans-
porter proteins such as P-glycoprotein (Pgp), which are expressed in the BBB
membranes and able to actively export drugs. There is growing evidence that
Pgp binds drugs from within the membrane, rather than from the cytoplasm.
We have been using atomisticMD to compare the dynamics of the recently pub-
lished X-ray structure of inhibitor bound Pgp (PDB: 3G60) with apo Pgp. Initial
results suggest that the presence of the inhibitor induces conformational changes
in the nucleotide binding domains of Pgp that prevents ATP hydrolysis. We dis-
cuss how the results our drug localisation studies can be combinedwith the struc-
ture and dynamics of Pgp to provide insight into the mechanism of drug export.
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We investigated how the amphiphilicity of detergents influences the rate of ATP
hydrolysis by P-glycoprotein. To this purposewe used 34 electrically neutral and
cationic detergents with different head groups and alkyl chain lengths and thus
varied amphiphilicity. The free energy of detergent partitioning into the lipid
membrane (dominated by the alkyl chain) and the free energy of detergent bind-
ing from the membrane to the transporter (due to the polar head group) were de-
termined. For seven of these detergents the rate of ATP hydrolysis (Log scale)
decreased linearly with increasing affinity from water to the transporter as ob-
served previously for typical P-glycoprotein allocrits. Although, structurally
closely related the remaining 27 detergents significantly reduced the rate of
ATP hydrolysis. Inhibition of the P-glycoprotein-ATPase due to membrane dis-
ordering could be excluded based on order parameter measurements of deuter-
ated lipid bilayers in the presence of relevant detergent concentrations using
D-NMR spectroscopy. An optimal rate of ATP hydrolysis was observed only
if the two free energies of binding were in appropriate proportion to each other,
i.e., if the ratio of the two free energies of binding was slightly above three for
cationic, and somewhat below three for neutral detergents. Lower or higher ra-
tios inhibited the P-glycoprotein-ATPase activity and effective allocrit flopping.
3349-Pos Board B210
Fundamental Difference of Transport Mechanisms Between ABC
Importers and Exporters
Po-Chao Wen, Emad Tajkhorshid.
University of Illinois at Urbana-Champaign, Urbana, IL, USA.
ABC transporters use the energy of ATP to drive the active transport of various
substrates across the membrane. All members of this superfamily share a com-
monmachinery of two nucleotide binding domains (NBDs) at their cytoplasmic
side, which close and open in response to ATP binding and hydrolysis. Despite
highly homologous NBDs, substrates can be either imported or exported in dif-
ferent subfamilies. Although crystal structures of ABC transporters have been
resolved in different conformational/functional states, it is still puzzling how
a common set of motor domains can drive transport in opposite directions.
We use comparative molecular dynamics simulations of an ABC-importer
(maltose transporter) and an ABC-exporter (P-glycoprotein), to investigate
functionally relevant dynamical differences. The two transporters exhibit
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states, especially with regard to the separation of the NBDs. Comparing the dy-
namics of NBDs, it becomes evident that ABC importers fluctuate significantly
lower than ABC exporters, suggesting that the conformational ensembel ob-
tained for the former represents a deeper energy well. In contrast, the NBDs
of P-glycoprotein are able to reach near dimerized conformations even in the
absence of the nucleotide due to the overall higher structural flexibility of
the protein architecture. The dynamical difference between the two ABC trans-
porters appears to present a fundamental mechanistic difference between the
subfamilies they belong to, which can be described as different energy land-
scapes along their pathways for NBD dimerization. The difference in energy
landscapes is evidenced by their transport activities in that the NBDs of the
maltose transporter dimerize only in the presence of its substrate, whereas P-
glycoprotein possesses a remarkable substrate-independent ATPase activity.
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LmrP, a Major Facilitator Superfamily (MFS) multidrug transporter from Lac-
tococcus lactis, acts a secondary antiporter, catalysing the extrusion of a large
spectrum of hydrophobic drugs by dissipating a proton gradient. This implies
that it has evolved to bind and export a series of structurally diverse cytotoxic
substances from within the membrane, in contrast to the majority of MFS trans-
porters that are specialized in the transport of a single soluble substrate, cap-
tured from the aqueous medium. Its transport mechanism could thus
potentially differ from the alternating access model of the lactose permease
that currently stands as a paradigm for all MFS transporters. Using Electron
Paramagnetic Resonance spectroscopy on a library of cysteine mutants, labeled
with either one or two spin probes, we aim at mapping the conformational dy-
namics of LmrP during its transport cycle. We are using accessibility patterns
and intramolecular distance changes to understand the conformational rear-
rangements involved in the energization and subsequent substrate recognition
and extrusion mechanisms of the transporter. Preliminary measurements on
a first set of mutants show profound structural changes upon ligand binding
or protonation of key acidic residues. In particular, we observe a significant
conformational rearrangement of helix VIII upon substrate binding, suggesting
that the interface between the N- and C-terminal halves could be key in the con-
trolled access of drugs to the substrate binding pocket. These findings could
shed light on the mechanistical divergence with MFS transporters recognizing
soluble substrates from the extracellular medium. Based on these first results,
we present a blueprint of the catalytic cycle of LmrP.
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Major Facilitator Superfamily (MFS) transporters harness the free energy stored
in ion or solute gradients for active transport of a variety of substrates. Although
most of the 58 distinct families of MFS transporters are substrate-specific, six
families contain multidrug transporters (MDR). EmrD is a MFS-MDR from
E.coli whose crystal structure has been determined. Similar to the lac permease,
the topology consists of 12 transmembrane helices arranged in two bundles of
six helices. However, EmrD has a more compact conformation that occludes ac-
cess to a hydrophobic cavity/chamber from both sides of the membranes. To de-
fine the conformational motion involved in substrate transport, we are using spin
labeling and electron paramagnetic resonance (EPR) spectroscopy. Spin labels
were introduced at selected sites along transmembrane helices 5, 6 and 8. EPR
analysis of mobilities and accessibilities reveal distinct changes in spin label dy-
namics and exposure to NiEDDA upon protonotation of the transporter. The
sites of these changes cluster at the periplasmic side of EmrD suggesting that
this end of the transporter undergoes conformational rearrangements at low
pH. Double electron electron resonance analysis is in progress to determine
the nature and amplitude of the protein conformational motion.
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Toronto, Toronto, ON, Canada.Bacteria evade the effects of cytotoxic compounds through the efflux activity of
membrane-bound transporters such as the small multidrug resistance (SMR)
proteins. Consisting typically of ca. 110 residues with four transmembrane
(TM) a-helices, crystallographic studies have shown that TM helices 1 through
3 of each monomer create a substrate binding ‘pocket’ within the membrane
bilayer, while a TM4-TM4 interaction accounts for the primary dimer forma-
tion. Previous work from our lab has characterized a highly conserved small
residue heptad motif in the Halobacterium salinarum transporter Hsmr as
90GLxLIxxGV98 that lies along the TM4-TM4 dimer interface of SMR pro-
teins as required for function. Here, we present our focus on the conserved po-
sitions 91, 93, 94, and 98 where we substituted the naturally occurring Hsmr
residue for Ala, Phe, Ile, Leu, Met, and Val at each position in the Hsmr
TM4-TM4 interface. Large residue replacements were studied for their ability
to dimerize on SDS-PAGE, to bind the cytotoxic compound ethidium bromide,
and to confer resistance by efflux. Although the relative activity of mutants did
not correlate to dimer strength for all mutants, all functional mutants lay within
þ/ 10% of dimerization relative to WT, suggesting that optimal dimer
strength at TM4 is required for proper efflux. Furthermore, non-functional sub-
stitutions at the centre of the dimerization interface that do not alter dimer
strength suggest a dynamic TM4-TM4 ‘pivot point’ that responds to the efflux
requirements of varying substrates. This functionally critical region represents
a potential target for inhibiting the ability of bacteria to evade the effects of
cytotoxic compounds.
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In E. coli, it is known that the tripartite multidrug efflux system (AcrB/AcrA/
TolC) exists, and AcrB resides in the inner membrane region and take part in
substrate recognition and energy transduction for drug export through proton
transfer.
Recently, x-ray structures provided that AcrB forms trimeric protein where
each protomer is different conformation, ‘‘binding’’, ‘‘extrusion’’ and ‘‘access’’
state.
Especially, the shapes of the tunnels of drug pathways in porter domains are
different. In addition, extrusion state protomer has the unique side chain con-
formations of residues which are essential for proton translocation, ‘‘proton
translation site’’ (Asp407, Asp408 and Lys940). These results suggest that
drugs are exported by a three-step structural change involved in the proton mo-
tive force which related with the conformational change in protonation sites. In
the present study, to clarify a relation between the small conformational change
of proton translation site and the large structural change of porter domain, we
performed all-atom molecular dynamics (MD) simulations of AcrB-
membrane-water system.
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The monoamine transporters (MATs) are a family of neurotransmitter trans-
porters located on the presynapse of a neuron. These monoamine transporters
regulate the levels of neurotransmitters available in the synapse to bind to
post-synaptic receptors. One of the MATs, the dopamine transporter (DAT)
is a target of various therapeutic and illicit drugs. The mechanism and confor-
mational states of the DAT is still widely debated. A driving force behind the
transport mechanism for DAT is the sodium gradient. We present an all-atom
MD study of the DAT at physiological concentrations of Naþ, Kþ and Cl-. A
dual POPE lipid bilayer system was constructed to impose an explicit sodium
gradient via two water baths. Six permeations of DAT states were simulated
that vary bound sodium ions and dopamine molecules. Trajectory data have
been analyzed to gain insight to the role of sodium and substrates in conforma-
tional changes of the DAT.
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Preventing drug access to the target molecule(s) is one of the major strategies
by which bacteria achieve antibiotics resistance. A prominent example of this
mode of action is drug expulsion by an over-production of multi-drug efflux
pumps like the proton drug antiporter AcrAB-TolC in Escherichia coli. Per-
forming atomistic molecular dynamics simulations of the pump and its compo-
nents in a membrane / water environment on a 50 ns - 1 ms time scale, we were
